ABSTRACT
INTRODUCTION
UV index climatology deals the seasonal variability, long-term average (normal), and its trends and provides the valuable information to the policy makers and the scientists concerned with UV radiation and its effect on human health. The study of total ozone column (TOC) is particularly important to monitor the fate of ozone layer after the famous ozone hole episode and the effectiveness of Montreal protocol and its amendments of controlling mechanism of Ozone Depletion Substances (ODS) (WMO, 2010) . Although, stratospheric ozone and ground level erythemal ultraviolet radiation has, in general, an out-phase relationship but recovering stratospheric ozone does not necessarily bring backs the ground level UV radiation to its previous stage due to various interacting processes (Watanabe et al., 2011) . However, other scientists (Bais et al., 2011) believed that the stratospheric ozone recovery by 2090's as compared to 1980's level would decrease the surface erythemal UV radiation by as much as 12% at high latitude, nearly 3% at mid latitude but marginally 1% higher in the tropics. In the high altitude tropical region, for example, at the Himalayas, UV index is believed to be very high during the summer.
For cloud free, snow free and aerosol free atmosphere, satellite UV radiation reaching the earth surface can be estimated with reasonable accuracy in a Rayleigh-scattering atmosphere using total ozone and surface reflectivity (Krotkov et al., 2001) . In OMI UV product, cloud is estimated from the Lambert Equivalent Reflectivity (LER) derived from the OMI measured radiance (I 360 ) near 360 nm (Krotkov, 2002 , Eck et al., 1995 . The ground instrument (NILU UV) uses Cloud Transmission Factor (CLT), the ratio of measured to clear sky surface irradiance with no aerosol and zero surface albedo, to estimate the surface UV radiation. Norway (2007 Norway ( -2012 . These data are particularly important to validate the similar data obtained from the satellite which has relatively longer acquisition period and global coverage. Sharma et al., (2011) compared the UV index and TOC data obtained from these ground measurement with the Ozone Monitoring Instrument (OMI) and found the positive bias on OMI as much as 34.5±24.0% to 47.9±17.4% for cloud free condition and much higher on cloudy condition using the intermittent data. The study also found that the bias of total ozone column under cloud free condition vary from -2.17 ± 3.52% to 2.97 ± 3.92%. The correlation coefficients were more than 0.85 for all the stations. The mean ozone column obtained from ground instrument varies from 255.1 to 285.5 (DU) and OMI ozone column varies from 262.7 to 279.0 (DU).
High elevation areas receive more UV radiation due to shorter path length and low atmospheric attenuation, less influence of boundary layer aerosol due to less concentration, and more sky visibility and less influence of cluttering obstacles like mountains and man-made features. Other things remains the same, altitude variation may affect the erythemal UV radiation by as much as 5-23%/km (Pfeifer et al., 2006) depending upon the different topography. In Tibet, altitude effect of UVI is found 7-8%/km (Dahlback et al., 2007) .
In Nepal people permanently lives close to 4000 m a.s.l. and seasonal migration for business and trade, trekking and mountaineering, makes people's movement at much higher altitude where the level of erythemal UV radiation and its impact on the human health is unknown. The main objective of the study is to present the UV index climatology of six sites from Nepal Himalayas using Aura OMI satellite product from October 2004 to March 2012. The satellite data is first empirically corrected using the ground data. Furthermore, total ozone column (TOC) climatology using TOMS (Nimbus 7, Meteor 3 and Earth Probe) and OMI is also studied using the data from November 1978 to March 2012. The paper also discusses the diurnal variability of UV index using ground measurements.
After the first introductory section, section 2 describes the ground and satellite based data and instrumentation. Section 3 describes the methodology and an approach for empirical correction of OMI UVI using ground data for clear sky condition. Section 4 presents the results of diurnal variability, UVI and ozone climatology with discussion. Section 5 concludes the paper. (Høiskar et al., 2003) . Dahlback (1996) has given all the details to estimate these parameters and found good agreement with the high-resolution spectroradiometer. The NILU-UV instrument is temperature stabilized at 50 o C. Four NILU-UV instruments are installed at the four stations whereas the fifth instrument is kept as a reference instrument for mobile calibration. To track the sensitivity of the instrument, relative calibration is performed every week. The reference instrument was participated to the second Quality Assurance of Spectral Solar UV measurements in Europe (QASUME) audit in June 2010, Oslo, and the new calibration level is transferred (Grobner, 2010) .
DATA AND SITE DESCRIPTIONS

Description of Ground Station and Instrumentation
Aura-OMI UV index
Aura is a multinational satellite of collective effort from USA, the Netherlands and Finland and flown in July 2004. Aura has four instruments one of them is Ozone Monitoring Instrument (OMI). OMI provides information of various atmospheric variables such as ozone, aerosols, clouds, surface UV irradiance, and other trace gases (Kazadzis et al., 2009) . OMI is a wide swath, sun synchronous, nadir viewing, near-UV and visible spectrometer that measures solar UV and visible radiation in the range of 270 to 500 nm (Tanskanen et al., 2007) . It covers swath of 2600 km with spatial resolution of 13 x 24 km at nadir. The orbital period of Aura satellite is about 98 minute and equatorial crossing time is 13:42 hour local time. It scans the earth surface during ascending mode. One of the advantages of the satellite data is the global coverage and all weather capability.
Ozone Monitoring Instrument (OMI) utilizes ozone and reflectivity data measured by the satellite itself and other sources of information like surface albedo, temperature profile, and ozone profile to estimate the surface UV irradiance by using radiative transfer model. It first estimates the ground UV irradiance assuming clear sky condition and later a cloud modification factor is used to estimate the ground UV under cloudy condition. If the ground surface is also covered by snow, a surface albedo is also used in the model. Cloud modification factors are derived from the reflectivity measurement. Absorbing aerosol is not accounted in the present version of OMI UV index which causes the systematic bias in the OMI data. The details can be found in the OMI ATBD documents (Levelt et al., 2002) .
METHODS AND EMPIRICAL CORRECTION OF OMI UVI
In UV range, surface albedo is usually around 0.02 to 0.07 in most of the land surfaces (Eck et al., 1995) . Dry sands has higher albedo but less than 0.1. Snow has usually very high albedo, up to 90% for fresh snow. Therefore, choosing a threshold of 0.1 is reasonably a good decision to separate the snowy surface and non-snowy surface (Tanskanen et al., 2007) . The stations studied here have snow free surfaces most of the time throughout a year. Only high altitude stations may have surface albedo >0.1 due to snowfall in the winter season (December to February).
In this study, coincide measurements between the satellite and ground at satellite overpass time are used. These data are extracted from the databases of both the satellite and ground where time matching is the nearest minute. A plot of surface albedo, used by satellite UV retrieval algorithm, and the date of the coinciding measurements show that there are no data above 0.1 in the winter season (Figure 1 ). However, in the monsoon season (June to September), we found that significant numbers of data pairs have surface albedo >0.1. The figure reveals that the climatology value used by OMI to retrieve the UV index is unrealistically higher for the monsoon season which may be due to the confusion with low clouds or fogs.
Cloudy days and cloud free days are separated from the coincident measurement data using the Lambertian Equivalent Reflectivity (LER) at 360 nm. Therefore, the overpass data are categorized into cloud-free cases where LER is < 0.10 and cloudy cases where LER is more than or equal to 0.10 (Kalliskota et al., 2000; Anton et al., 2010) . The relationship between Lambert equivalent Reflectivity, (LER) and Cloud Optical Depth (CLDOPT) of OMI for coincidence overpass data of satellite and ground of Nepal shows the contrasting characteristics (Figure 2 ). Zero cloud optical depth for large LER values up to 0.8 is often observed which may be due to the poor response of OMI satellite in such high altitude region like the Himalayas. In fact, OMI considers cloud free sky above a certain height (2 km).
Ground data of Nepal also includes Cloud Transmission Factor (CLT), which is a ratio of measured irradiance to calculated clear-sky irradiance with zero aerosols and zero surface albedo for a particular solar zenith angle (Høiskar et al., 2003) . CLT is calculated on that spectral channel where ozone absorption is minimal. It may be larger than 100% when instrument observed direct sun as well as diffuse radiation from cloud scattering. The comparison study between the OMI and the ground UVI shows that the percentage bias [(omi-gd)/gd ×100], where omi is the OMI UV Index and gd is the ground measured UV index, which increases with decreasing the cloud transmission factor (Sharma et al., 2011) . In this study, the bias observed in the OMI overpass UVI is corrected using an empirical ratio factor. First, the cloud-free and snow-free pairs of OMI and ground data are extracted using the proxies, Lambert equivalent reflectivity (<0.1) and surface albedo (<0.1) with the thresholds. After that, a threshold of cloud transmission factor is selected by looking the oval shape ground data for clear sky condition. to all the station. Since OMI overpass data also provides clear sky UVI at local noon, we use this product for our climatology study. The time series plot between the OMI and the ground for simultaneous measurement for clear sky conditions is shown in Figure 3 . Since OMI's equatorial crossing time is close to 13:45 hours local time, the coincidence data often missed the local-noon maximum. Total 443 pairs are found satisfying the cloud-free and snow-free condition. The mean of the OMI and ground (GD) are 6.8 and 4.3 and standard deviation of 2.3 and 1.6 respectively. We then divide the ground mean data by the OMI mean and get a factor 0.633±0.122 which is used to correct the OMI data for clear sky condition at local noon. 
RESULTS AND DISCUSSIONS
Diurnal Pattern of the UV Index
SOHAM-Nepal
with one-minute sampling rate for different stations and for typical day is given in Figure  4 . The UV index of the lowest altitude stations (Biratnagar, 70 m) reaches close to three at the local noon in December 21 whereas in Lukla (2850 m) the UVI reaches close to 4.5 on the same day. One can expect more UVI in Kathmandu (1350 m) on that day because of higher elevation compared to Biratnagar (blue line). However, local pollution and stagnant air limits the UV radiation reaching to the ground surface. In Kathmandu valley, air pollution is usually high in the winter period (DecemberFebruary). Occasional rains due to westerly disturbance wash out the local pollution and the UVI level becomes stronger.
In the vernal equinox, for example, March 21, the UVI increases in all the stations as compared to winter solstice. In Lukla, UVI reaches above nine and lowest altitude station (Biratnagar) receives UVI close to 4.5. All the stations in the plot have cloud free sky at least first half of the day. Small cripples in the UVI curve is due to the movement thin cirrus cloud or aerosol effect over the stations. The middle plot (Fig. 4) also clearly depicts the altitudinal effect of UVI. We have found different rates 7.5% -35%/km for different seasons and different condition (hazy versus clean).
UVI reaches very high to extreme level at the clear sky days of the rainy seasons. Relatively lower aerosol load in the season permits high UV radiation to the ground. Of course, cloud controls much of the UV radiation reaching the ground. The right plot in the Fig. 4 shows that in all stations UVI level is very high to extreme level. The UVI level at Lukla crosses 16 in a typical day of 28 July 2010.
According to the WHO (2002), UV index more than 3 needs some sort of protection to be used. UV index 3 to 5 categorized as moderate, 6 to 7 as high, 8 to 10 very high, and more than 11 as extreme. Since, the sites are from the northern hemisphere and the above days are from the near vernal equinox, the maximum UV index values for clear sky days often reached >3 throughout the year in all the stations. Theoretical minimum value of UV index for clear sky days can be expected during the winter solstice. The UV index value during the winter solstice is also beyond or close to three (left plot). Similarly, theoretical maximum UV index value can be expected in summer solstice; however, monsoon cloud can compensate it. One point to note that the ground stations only cover a limited elevation range of Nepal land masses. Since the country's highest land mass reached up to the top of the world, Mt. Everest, 8848 m, a much more UV index can be expected in the further elevated zones. Since OMI covers all the reason of the globe, it is worthwhile to use the OMI data to find UV level at those regions.
UV index climatology
A time series plot of monthly average clear sky UVI at local noon using OMI overpass data after applying a correction factor is shown in Figure 5 . The figure follows an annual cycle, minimum in December and maximum in July. During the winter period, UVI reaches as low as 3-4 and during the summer months UVI reaches up to 9-11.5. Altitudinal variation is also distinct in the plot. Biratnagar and Dhangadhi are the low altitude stations (below 200 m), Simikot and Lukla are the high altitude stations (2800-3000m) whereas Pokhara and Kathmandu are in the middle altitude stations (850-1350). The monthly average UVI covering October 2004 to March 2012 and its variation with ±1σ (one standard deviation) for all six locations is also shown in Figure 5 and Table 1 . In low altitude stations, the UVI increases from January, reaches to its maximum level in July, and decreases again up to December. The typical UVI values are 3 to 9. In middle altitude stations (Pokhara and Kathmandu), the UVI fluctuates between 4 to 10 and for the high altitude stations the UVI ranges 4 to 11 throughout a year. The monthly average UV index climatology for clear sky days at local noon for all six locations using OMI overpass data is also shown in Figure 6 with one standard deviation error bar. 
Columnar Ozone Climatology
Monthly mean columnar ozone obtained from TOMS/OMI from November 1978 to March 2012 is shown in Figure 7 . TOMS ozone before 2005 is taken from the Nimbus 7, Meteor 3 and Earth Probe satellites. The OMI overpass data also provides columnar ozone using TOMS like algorithm. The OMTO3_O3 product of OMI overpass is an average value of 13 × 24 km at nadir and the pixels in a different position of the swath covers a larger area than the nadir. Columnar ozone from the four stations of Nepal is compared in different study (Sharma et al., 2011) . The TOC estimation by OMI is -1.5 to +3.9% for cloud free condition and -3.5% to +4.4% for cloudy condition is observed during December and maximum in April or May. The ozone also fluctuates year to year. There is also increasing trend of the columnar ozone with latitude (not shown here). The long-term monthly average of columnar ozone is also shown in Figure 8 . We have also observed a decreasing trend of columnar ozone in all stations. The monthly average plot shows that the ozone level 255-270 DU is found in January and reaches the highest in April or May at the level of 285-295 DU and decreases a lowest value at 250-260 DU in December. Large variation of the columnar ozone is also observed from January to May. Table 2 shows a monthly mean TOC value and the standard deviation of all the sites from Nepal Himalayas. 
Discussion
Diurnal variability of the four stations shows in the summer season UV index is high to extreme range. The highest altitude station receives more than 16 in a clear sky day around noon when the atmosphere is also clean due to rainfall washout of the aerosols. Altitudinal variation is distinctly visible at the diurnal plots. The rate of increase of UVI is found to vary 7-8%/km to 35%/km. This means at further higher altitude (where we have no station), UVI is still higher than 16. Since, cloud and aerosol or pollution in the atmosphere prevents the UV radiation reaching the ground; we have found similar or even lower UVI in Kathmandu (1350 m) than the lower altitude station Pokhara (850 m). The lower UV index in the Kathmandu valley as compared to Pokhara valley is due to the high level of pollution level or aerosol content which compensates the altitudinal increase in UV index. Bowl shaped valley with more than 3 million population, heavy traffic, unpaved road condition, old vehicles with comparatively higher level of emission rate, large number of brick factory etc. are responsible for higher level of pollution level or aerosol content in Kathmandu valley. The Pokhara valley is relatively cleaner than Kathmandu valley where number of rainy days are also higher than the Kathmandu. When selecting a threshold of the cloud transmission factor for clear sky days, we have found different heights of the oval even in some consecutive days. This is likely due to the difference between the aerosol loading or presence of thin cirrus cloud. Dahlback et al. (2007) have found the in the Lhasa, Tibet that the level of UV index reaches to above 15 on clear days and sometimes exceeds 20 on partially cloudy days. Low altitude station despite the fact that more humid and hot climate receives comparatively less erythemal UV radiation compare to high altitude and cold climate station in a same day. People notion is very poor to understand the level of erythemal UV radiation they receive in such a high altitude region.
UV index climatology for clear sky condition at local noon using OMI station overpass data of six sites of Nepal is also presented in the study. We have taken a simple ratio of satellite and ground to correct the bias as often found in the satellite data. We believed at the beginning that satellite estimation (UVI) is closer enough with the ground measurements at the relatively clean sites of High mountain of Nepal, but actual satellite estimation is more diverse than the lower altitude station. We have also found that reflectivity and cloud optical depth have bimodal distribution in one of high altitude station (Lukla, 2850 m). The cloud optical depth is zero even when the reflectivity measurement is 0.8. This is because satellite assumes clear sky above certain altitude for example 2 km (Krotkov et al. 2002) . The OMI also uses high surface albedo values. When comparing surface albedo with time series data from Nepal, we have found that albedo often exceeds 0.1 in monsoon season where there is no snow at all in the ground. That may be the small patches of low level cloud in the OMI grid.
The UV index climatology follows the annual cycle where minimum close to 3-4 is found for
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the winter months and 9-12 is found for the spring (April and May). Ozone climatology of nearly thirty years monthly average data from TOMS/OMI satellite shows that total ozone column also follows the annual cycle where minimum is found in December and maximum is found in April and May as obtained in the other studies (Kalapureddy et al., 2008; Ganguly and Iyer, 2005) .
CONCLUSION
We have performed a climatological study of UV index derived from OMI satellite for local noon at clear sky condition. Before the using the OMI data, we have applied a correction factor using a ratio comparing clear sky UV index data from the ground measurements and satellite estimation. We have also found two discrepancies in the OMI data. The first is the surface albedo is often found more than 0.1 during the monsoon season, which, theoretically, should be less than 0.1. The reason, as discussed before, is due to the confusion with the patches of low level cloud often found in the OMI grid during the monsoon season. The second is that the OMI algorithm assumes zero cloud optical depth above a certain altitude. In the present OMI algorithm, 2 km has been taken as a threshold value in which cloud optical depth is zero above that altitude. Since Lukla station is already 2850 m, the discrepancy of ground measured UV index and satellite estimated UV index will be certainly more in those stations with more than 2 km altitude (e.g. Lukla, 2850 m). Therefore further improvements will be needed in the OMI data.
Looking an oval shape curve of UV index (without sharp kinks) also makes differences in the diurnal variability of UV index. We can receive high UV index when sky is cloudfree and atmosphere is clean. Measurement data from the high altitude station shows that the values goes up to 16 in clear sky monsoon period where atmosphere is also clean. Other low altitude stations also receive a high dose of erythemal UV radiation, demands to use some sort of protection mechanism according to the WMO guidelines.
Ozone climatology using the TOMS/OMI monthly mean from 1978 to 2012 follows the annual cycle, minimum in December and maximum in April/May. Inter annual variability is also significant. We have found a decreasing trend of ozone in all the six sites of Nepal in the 30 years using a simple linear regression.
